Abstract-This paper employs recently developed techniques for testing hypotheses in cointegrated panels to test the strong version of purchasing power parity for a panel of post Bretton Woods data. We compare results using fully modified and dynamic OLS approaches, and strongly reject the hypothesis. We also introduce a new between-dimension dynamic OLS estimator and find that the between-dimension FMOLS and DOLS estimates of the long-run deviation from purchasing power parity are larger than the corresponding within-dimension estimates. Finally, we attempt to reconcile these rejections with the mixed findings that have been reported in panel unit root studies.
are also just as likely to be of varying significance across differing countries, so that one should therefore be prepared for the possibility of heterogeneous cointegrating relationships. Consequently, by using the panel cointegration methods developed in Pedroni (1995) that allow one to test the null of no cointegration without imposing homogeneity of the cointegrating vector, studies by Canzoneri, Cumby, and Diba (1999) , Chinn (1997) , Obstfeld and Taylor (1996) , Pedroni (1995) , and Taylor (1996) all find support for this weaker version of PPP with heterogeneous slope coefficients.
Such results in favor of weak PPP do not contradict the stronger version per se, but they do suggest an interpretation for the mixed findings in tests of strong PPP based on panel unit root tests of the real exchange rate. Specifically, in the panel setting, if the maintained hypothesis that the cointegrating vector is homogeneous and equal to one for all countries is violated even for a small subset, because this mixes a few integrated series in with the majority of stationary ones, this is likely to lead to an inability to reject the null of a unit root for the panel. Conversely, because of the way the null hypothesis is constructed for the panel, a rejection of the unit root null simply implies that the data from at least some countries are consistent with PPP. It does not imply that the data from all countries of the sample are consistent with PPP, which would appear to be the more natural way to pose the question.
By contrast, the approach in this paper allows us to directly test the condition on the cointegrating vector that is required for strong PPP to hold. Furthermore, it allows us to pose the null hypothesis in a more natural form, so that we test whether or not strong PPP holds consistently for all countries of the panel. By comparing results for individual countries and the panel as a whole, we firmly reject the hypothesis and confirm that the rejection is not due to only a few countries, but rather that failure of strong PPP is pervasive in the post Bretton Woods period.
II. Estimators and Test Statistics for Cointegration Vectors in Heterogeneous Panels
When applying cointegration tests to long-run hypotheses such as PPP for aggregate panel data, a primary concern is to construct the estimators in a way that does not constrain the transitional dynamics to be similar among different countries of the panel. Instead, we would like to pool only the information concerning the long-run hypothesis of interest, and allow the short-run dynamics to be potentially heterogeneous. This was a central theme for the panel fully modified OLS tests that were developed in Pedroni (1996) . In particular, Pedroni derived the asymptotic distributions and studied the small-sample properties of three versions of such estimators. Two of these-the residual-FM, and the Received for publication September 23, 1997. Revision accepted for publication September 27, 2000.
* Indiana University. Some of the findings in this paper first appeared in a working paper entitled "Panel Fully Modified OLS for Heterogeneous Cointegrated Panels and the Case of Purchasing Power Parity," Indiana University (June 1996) . The econometric theory and Monte Carlo portion of the working paper are available in Advances in Econometrics, vol. 15 . I thank especially Bob Cumby, Pravin Trivedi, three anonymous referees, and James Stock as editor for helpful comments and suggestions on various earlier versions. This study has also benefitted from presentation at the North American Econometric Society Summer Meetings (June 1996) , the Midwest International Economics Meetings (April 1996) , and workshop seminars at Rice University-University of Houston, Southern Methodist University, The Federal Reserve Bank of Kansas City, U.C. Santa Cruz, and Washington University. A computer program that implements the between-dimension DOLS procedure introduced in this paper is available upon request from the author. adjusted-FM, pooled the data along the within-dimension, and one of these, the group-FM, pooled the data along the between-dimension. In a later version of the study, Pedroni (2000) emphasized the group-FM estimator, and found that, in contrast to the residual-FM and adjusted-FM test statistics, the group-FM exhibited relatively minor size distortions in small samples. Kao and Chiang (1997) proposed a parametric DOLSbased panel estimator pooled along the within-dimension, and showed that it had the same asymptotic distribution as the panel FMOLS estimator studied by Pedroni (1996) . Kao and Chiang also studied the small-sample properties of the panel DOLS t-statistic and compared it to a version of the adjusted-FM t-statistic that employed a first-stage OLS estimate of the cointegrating vector for the required adjustment term. In a series of Monte Carlo simulations, they found that the panel DOLS t-statistic had smaller size distortions than this form of the adjusted-FM t-statistic, although the distortion in both cases was still relatively large. More recently, Mark and Sul (1999) proposed a variation to the panel DOLS estimator and showed that it somewhat improved the small-sample performance, although even these small-sample size distortions are still fairly large. In comparing the two, Kao and Chiang's panel DOLS estimator can be viewed as a weighted estimator, and Mark and Sul's panel DOLS estimator can be viewed as an unweighted estimator. The asymptotics in all of these studies were based on sequential limits. By contrast, Phillips and Moon (1999) developed an asymptotic theory for nonstationary panels based on joint limits, and were able to show that a version of the within-dimension panel FMOLS estimator converges jointly in distribution.
In this study, we employ both the within-dimension and between-dimension panel FMOLS tests from Pedroni (1996 Pedroni ( , 2000 . We also employ the weighted panel DOLS estimator from Kao and Chiang (1997) and the unweighted panel DOLS estimator from Mark and Sul (1999) . However, both of these DOLS estimators are within-dimension estimators. Thus, for comparison with the between-dimension "group-mean" panel FMOLS estimator, we also introduce here an analogous between-dimension, group-mean panel DOLS estimator.
An important advantage of the between-dimension estimators is that the form in which the data is pooled allows for greater flexibility in the presence of heterogeneity of the cointegrating vectors. Specifically, whereas test statistics constructed from the within-dimension estimators are designed to test the null hypothesis H o :␤ i ϭ ␤ o for all i against the alternative hypothesis H A :␤ i ϭ ␤ A ␤ o where the value ␤ A is the same for all i, test statistics constructed from the between-dimension estimators are designed to test the null hypothesis H o :␤ i ϭ ␤ o for all i against the alternative hypothesis H A :␤ i ␤ o , so that the values for ␤ i are not constrained to be the same under the alternative hypothesis. Clearly, this is an important advantage for applications such as the present one, because there is no reason to believe that, if the cointegrating slopes are not equal to one, that they necessarily take on some other arbitrary common value. Another advantage of the betweendimension estimators is that the point estimates have a more useful interpretation in the event that the true cointegrating vectors are heterogeneous. Specifically, point estimates for the between-dimension estimator can be interpreted as the mean value for the cointegrating vectors. This is not true for the within-dimension estimators.
Finally, the test statistics constructed from the groupmean estimators appear to have another advantage even under the null hypothesis when the cointegrating vector is homogeneous. Specifically, Pedroni (2000) shows that they appear to suffer from much lower small-sample size distortion than the within-dimension estimators. A similar analysis of the between-dimension, group-mean panel DOLS that is introduced here reveals that it also exhibits much less size distortion relative to the within-dimension panel DOLS estimators. In the interest of space we do not report these, and leave a more thorough study of the small-sample properties for future research.
Because we emphasize here the FM and DOLS betweendimension estimators, and because the between-dimension DOLS estimator is new to this paper, we restrict ourselves here to describing these two estimators and refer the reader to the original works for the within-dimension estimators. Thus, consider the regression
where s it is the log bilateral U.S. nominal exchange rate, p it is the log aggregate price ratio in terms of the CPI between the two countries, and s it and p it are cointegrated with slopes ␤ i , which may or may not be homogeneous across i.
In this case, for strong PPP to hold, we require under the null hypothesis that H o :␤ i ϭ 1 for all i. Let it ϭ ( it , ⌬p it )Ј be a stationary vector consisting of the estimated residuals from the cointegrating regression and the differences in prices, and let
be the long-run covariance for this vector process. This long-run covariance matrix is typically estimated using any one of a number of HAC estimators, such as the Newey-West estimator. It can be decomposed as
o is the contemporaneous covariance and ⌫ i is a weighted sum of autocovariances.
Using this notation, we see that, based on Pedroni (1996 Pedroni ( , 2000 , the expression for the between-dimension, groupmean panel FMOLS estimator is given as
Because the expression following the summation over the i is identical to the conventional time series FMOLS estimator, we see that the between-dimension estimator can be constructed simply as
, where ␤ * FM,i is the conventional FMOLS estimator, applied to the ith member of the panel. Likewise, the associated t-statistic for the between-dimension estimator can be constructed as
In similar spirit, a between-dimension, group-mean panel DOLS estimator can be constructed as follows. First, we begin by augmenting the cointegrating regression with lead and lagged differences of the regressor to control for the endogenous feedback effect. This plays a role that is similar to the nonparametric correction term for s* it in terms of ⌬p it in the FMOLS procedure. Consequently, the DOLS regression becomes
From this regression, we construct the group-mean panel DOLS estimator as ] be the long-run variance of the residuals from the DOLS regression (which again can be estimated using standard HAC methods), then the associated t-statistic for the between-dimension estimator can be constructed as
III. Results
Results are displayed in table 1. The panel consists of 246 monthly observations of end-of-period nominal bilateral U.S. dollar exchange rates and aggregate CPI ratios for twenty countries from the IFS for which the data exists uninterrupted from June 1973 through November 1993. It is the same data set that was employed in the empirical illustration that was provided in Pedroni (1995) , which used the null of no cointegration to test the weak form of PPP. Consequently, the data has already been tested to confirm that, although the unit root null could not be rejected for the panels of individual variables, the null of no cointegration is firmly rejected. Individual FMOLS and DOLS estimates and t-statistics for H o :␤ i ϭ 1 are reported in the first twenty entries. At the bottom of the table, results are reported for the panel estimators with and without common time dummies.
The results from both the individual tests and the panel tests overwhelmingly reject the null hypothesis of strong PPP. Among the individual country tests, data from fourteen of the twenty countries produce rejections at the 10% level for either the FMOLS or DOLS tests, and eight produce rejections at the 1% level for either test. In most cases, the results of the FMOLS and DOLS are in agreement. For the panel tests, all six reported tests reject at the 10% level or better, and among these all but the within-dimension panel DOLS without time dummies reject at the 1% level or better. Indeed, the unweighted within-dimension t-statistics are consistently lower than the others. More importantly, it is interesting to note that between-dimension estimators consistently produce larger estimates than do the withindimension estimators. Because the between-dimension estimators produce consistent estimates of the average slope under the alternative hypothesis that the slopes are different from one and vary across countries whereas the withindimension estimators do not, we take these higher values to be a more accurate representation of the average long-run relationship between nominal exchange rates and aggregate price ratios. Overall, it is interesting to note that the differences tend to be greater in comparing the within-versus between-dimensions than comparing the FMOLS versus DOLS versions.
The techniques employed in this study are based on an analysis of the cointegrating relationship between s it and p it for each country. By contrast, they do not address cointegrating relationships that may be present for either variable between countries. In this regard, an important concern is to make certain that the transformations that are applied in the averaging across the N dimension do not inadvertently destroy the cointegrating relationships that are present among the variables for each country individually, because this could invalidate the FMOLS and DOLS regressions. An obvious example can occur when all of the exchange rates of a sample are targeted relative to each other so that the s it are each cointegrated to one another. In this case when time dummies are estimated, which amounts to subtracting out the average exchange rate value each period, it can be shown that these demeaned series become stationary and the cointegrating relationship is destroyed. Although some of the currencies in this study are targeted relative to each other for portions of the sample, because others float freely, subtracting out the overall sample mean does not render any of the series stationary in our case, and we confirm this empirically with unit root tests for the demeaned series. 1 Another related issue is short-run, cross-sectional dependency. Common time dummies are intended to capture certain forms of cross-sectional dependency. For example, if aggregate price ratios tend to be driven by a common external disturbance (say monetary shocks in the U.S.), the price ratios will tend to be correlated across countries. Common time dummies will account for this form of dependency. On the other hand, there are likely to be other forms of dependency that time dummies cannot control. In particular, if there are dynamic feedback effects that exist between the variables of different countries, these cannot be controlled for simply by using time dummies. Although a general solution to the problem is beyond the scope of this paper, 2 it is worthwhile to note that, based on the strong evidence from the individual country test results, a relatively simple method of inference can be used to infer that the results in this study are not altered by the likely presence of such cross-sectional dependencies. To see this, we note that, according to the Bonferroni inequality constraint, the marginal significance level, P, for a rejection of the null hypothesis applied to the panel of N members is such that P Յ ¥ iϭ1 N p i , where p i is the marginal significance level of the tests applied to the individual members of the panel. Dufour and Torres (1996) recommend using the criteria that p i ϭ P N to set the rejection level, in which case we require p i Յ 0.005 for any one member of our sample to reject the null as applied to the panel as a whole at the 10% level. As Maddala and Wu (1999) point out, this type of testalthough conservative-does not rely on the independence of the individual tests, and is thus invariant to the presence Pedroni (1996) weighted within-dimension adjusted-FM and analogous Kao and Chiang (1997) weighted within-dimension DOLS.
"Within-u" reports Mark and Sul (1999) unweighted within-dimension DOLS and an analogous unweighted FMOLS.
"Between" reports Pedroni (1996) group-mean panel FMOLS and the group-mean panel DOLS introduced in this paper.
of any form of cross sectional dependency. For the normal distribution, absolute values in excess of 4.0 are sufficient for p i Յ 0.005. In our sample, both the individual FMOLS and DOLS tests produce five such cases, leading us to conclude that no degree of cross-sectional dependency would be sufficient to overturn the rejection of strong PPP.
The overwhelming rejection of the strong PPP hypothesis that we observe in this study is not difficult to reconcile with the apparently contradictory results that are often found in panel unit root studies of strong PPP. Raw panel unit root tests are essentially a test for the null hypothesis that PPP does not hold in all countries. When this null is rejected, it merely implies that, at least for some countries, the data is more consistent with PPP than with the failure of PPP. By contrast, the tests exploited in this study reverse the null hypothesis. In this study, when we reject the null hypothesis, we are effectively rejecting the hypothesis that PPP holds in the countries of our sample in favor of the likelihood that it does not for at least some countries. Our analysis of the individual results furthermore indicates that this failure of strong PPP is not driven by the data from only a few countries. Rather, the failure of strong PPP appears to be pervasive in the post Bretton Woods period.
